Strain survey on three continents confirms the polyphyly of the genus

IntroductIon
The family Hydrodictyaceae (Chlorophyceae) is from a morphological point of view, one of the most diverse natural lineages of coccoid green algae and comprises microscopic colonies of Pediastrum Meyen, Euastropsis Lagerh. and Sorastrum kütz. as well as macroscopic colonies of Hydrodictyon roth. Inspired by members of the genus Pediastrum, systematists have established more than 350 taxa (Parra 1979) . A flood of observations and revisions were published about Pediastrum and summarized by koMárek & Fott (1983) . The most recent review reduced the number of Pediastrum-species to 24 (koMárek & Jankovská 2001). The other genera included smaller numbers of species: one of Euastropsis, seven of Sorastrum, and five of Hydrodictyon (according to koMárek & Fott 1983).
The first molecular phylogenetic studies including only two members of Hydrodictyaceae showed the close relationship of Hydrodictyon reticulatum (L.) Lagerh. and Pediastrum duplex Meyen (WiLcox et al. 1992; LeWis 1997) and their placement within Sphaeropleales (BuchheiM et al. 2001 ). An expanded phylogenetic analysis of 26S rRNA, 5.8S + ITS2 genes using sequences of seven strains of Hydrodictyon, 29 strains of Pediastrum and three strains of Sorastrum revealed a pattern of colony-form evolution within the family from twodimensionality to three-dimensionality (McManus & LeWis 2005) . Another molecular phylogenetic study of 28 hydrodictyacean strains resulted in taxonomic revisions (BuchheiM et al. 2005) . It was shown that the genus Pediastrum is of polyphyletic origin. Therefore, beside Pediastrum the genera Monactinus (turPin) e. hegeWaLd, Stauridium (Printz) e. hegeWaLd, Pseudopediastrum E. hegeWaLd and Parapediastrum E. hegeWaLd were delineated. Nevertheless, the number of strains analysed was very low, for example the genera Monactinus (formerly Pediastrum simplex) and Parapediastrum (P. biradiatum) were described from a single strain (BuchheiM et al. 2005) . Members of the unicellular genus Tetraedron kütz. were linked phylogenetically to the Hydrodictyaceae (BuchheiM et al. 2005; McManus & LeWis 2005) however, the relative position was not clear from these analyses.
The morphospecies P. duplex was shown within different phylogenetic lineages of Hydrodictyaceae (McManus & LeWis 2005 
MaterIal and Methods
Algal cultures. About 100 unialgal strains of Pediastrumphenotype were isolated from field samples of inland waters of India, Israel, Kenya, Namibia, and Germany by microcapillaries and grown in a modified Waris solution (McFadden & MeLkonian 1986) . All strains were maintained at the algal strain collection of the Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB) at Stechlin, Germany, and grown in suspensions at 15 °C under a 14:10 h light-dark regime. The strain of the newly described Sorastrum pediastriforme and the strains representing the five new combinations were deposited at the Culture Collection of Algae at the University of Göttingen (SAG, Germany).
Microscopy. The algae were examined using a Nikon Eclipse E600 light microscope (LM) with differential interference contrast. Photomicrographs (Figs 3-6) were taken with a Nikon Digital Camera DS-Fi1, and Nikon software NISElements D (Nikon Corporation, Tokyo, Japan). For scanning electron microscopy (SEM) the colonies of cultured material were fixed in 2.5% glutaraldehyde in culture medium for 30 min at 5 °C, washed three times in 3 mM Hepes buffer (pH 7.0), and postfixed in 1% osmium tetroxide in a 1:1 mixture of 2% OsO 4 and 3 mM Hepes for 1 h. The fixed cells were then washed three times in Hepes buffer and dehydrated in a graded series of ethanol dilutions. Following dehydration, the material was dried at the critical point using aBAL-TEC CPD 030 critical point dryer (Balzers, Schalkmühle, Germany). Dried material was mounted on aluminium stubs, coated with gold/palladium by a Polaron CA 508 sputtercoater (Fisons Instruments, VG Microtech, Uckfield, UK) and examined under using the field-emission SEM Hitachi S-4500 (Hitachi Corporation, Tokyo, Japan) at 5 kV, 10 µA. DNA Isolation, PCR and Sequencing. A total of 28 strains were selected for molecular phylogenetic analyses. Algal cells were mechanically disrupted in the presence of glass beads (~ 0.5 mm in diameter, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) using the Retsch MM 2000 (Retsch, Hahn, Germany) bead disruptor. Total Genomic DNA was extracted according to krienitz et al. (2012) . The 18S rRNA and ITS-2 rRNA genes were amplified and sequenced as described by Bock et al. (2011) LeWis (2005 . Scenedesmus obliquus UTEX 393 was selected as outgroup. The phylogenetic tree in Figure 1 was infered from a concatenated dataset using Treefinder (JoBB 2008) . The applied models were chosen as proposed by Treefinder: For 18S rRNA (1640 bases) the Tamura Nei model with Gamma distribution (TN:G:5), and for ITS-2 the transitional model with Gamma distribution (J2:G:5) were chosen.
To confirm the tree topology, bootstrap analyses were calculated by distance (neighbor-joining; NJ; 1000 replicates), parsimony (MP; 1000 replicates) using PAUP*, version 4.0b10 (sWoFFord 2002) and maximum likelihood (ML; 1000 replicates; settings as described above) criteria. Bayesian inference (Bayesian posterior probabilities [BPP] ; using the covarion model; 1 million generations) were calculated using MrBayes version 3.1 (hueLsenBeck & ronquist 2001) . The Bayesian analyses were carried out until the average standard deviations of split frequencies between two runs was lower than 0.01. The first 25% of the calculated trees was discarded as burn-in. A 50% majorityrule consensus tree was calculated for posterior probabilities (PP).
Secondary structures analysis. Secondary structures of ITS-2 were constructed with the help of mfold (zucker 2003) . The program 4SALE (seiBeL et al. 2006 , 2008 schuLtz & WoLF 2009 ) was used for comparision of ITS-2 among the strains to locate compensatory base changes (CBCs) including Hemi-CBCs in the aligned ITS-2 sequences. The overview graphic was performed with PseudoViewer (Byun & han 2006) . In order to find molecular criteria to discriminate the species, these secondary structures were checked for Compensatory Base Changes (CBCs) including Hemi-CBCs using 4SALE (seiBeL et al. 2006 (seiBeL et al. , 2008 .
results
The concatenated set of 18S rRNA and ITS-2 sequences of 47 strains was included in the analyses to assess the phylogeny of Hydrodictyaceae. The 28 newly sequenced strains were placed in seven subclades of the phylogenetic tree ( Fig. 1) . Generally, the family of Hydrodictyaceae formed a monophyletic group well supported in the statistical analyses, only the ML analyses resulted in a lower bootstrap value of 67. Members of the genus Pediastrum sensu lato, which were in the focus of this study, were grouped into different lineages. According to suggestions of BuchheiM et al. (2005) duplex. Only few cells displayed a three-dimensional (tetrahedric) shape (Fig. 2d ). This material was described as new species Sorastrum pediastriforme (see taxonomic conclusions).
Members of the genus Monactinus were found in India, Kenya and Germany. Whereas the strain from Germany exhibited the typical morphology of M. simplex var. simplex with large irregular holes within the coenobium (Figs 3a-b Members of the former morphospecies Pediastrum duplex clustered in two different clades of the tree. Six of these strains remained in P. duplex, whereas two other strains were determined as Lacunastrum gracillimum (Figs 6a-d) . These strains had relatively long processes and the ultrastructure of the cell wall was rippled, smooth, but not net-shaped and granular. These results confirmed the findings of . Five new strains of Stauridium tetras (ehrenB.) e. hegeWaLd from Kenya and India and S. privum (Printz) e. hegeWaLd from Kenya and Germany clustered in the clade of Stauridium. One strain of Parapediastrum biradiatum (Meyen) e. hegeWaLd from Germany clustered together with a strain from Sweden in the Parapediastrum clade. These results confirmed the findings of BuchheiM et al. (2005) .
To test the results of the topology of the phylogenetic tree, the secondary structure of the ITS-2 was studied, with the main goal to find CBCs and hemiCBCs associated with individual taxa. The secondary structure of the taxa studied exhibited the common pattern with four helices, in which the helix I was branched, shown here using Sorastrum pediastriforme (Fig. 7) as exemplar. To establish an overview, we made a pairwise comparison of the CBCs of the conserved regions of all helices between the species which were discovered to be the closest relatives to each other according to the tree. Sorastrum pediastriforme differs from S. spinulosum (UTEX 37) by 2 CBCs in Helix I (not shown). Monactinus simplex and M. sturmii differed by 2 CBCs and 5 or 6 hemi-CBCs in helix III ( Table 2 ). The species of Pseudopediastrum differed in the following numbers of CBC ( 
dIscussIon
Our study confirmed the polyphyletic origin of members of the genus Pediastrum which was already shown by BuchheiM et al. (2005) and McManus & LeWis (2005) . Furthermore, we confirmed the generic conception of Hydrodictyaceae and studied new strains from all genera of the relationship of Pediastrum sensu lato (Parapediastrum, Pseudopediastrum, Lacunastrum, Monactinus, and Stauridium) as well as Sorastrum. Generally, the differentiation between the genera of Hydrodictyaceae is validated by both, morphological and molecular criteria. However, an interesting example was uncovered contrasting with this general view. The new species Sorastrum pediastriforme which morphologically resembles Pediastrum but molecular phylogenetic analyses reveals its alliance with Sorastrum.
Studying two strains of Lacunastrum gracillimum from India, we confirmed the polyphyly of the Pediastrum duplex phenotype revealed by McManus et al. (2005) and the delineation of the genus Lacunastrum by . It was shown that phylogenetic findings sharpen the eyes for subsequent careful morphometric evaluation of diagnostic features to discriminate the two very similar phenotypes of P. duplex and L. gracillimum .
In the present state we are still working to clarify the interplay between morphology and phylogeny in Hydrodictyaceae with reference to the other two main clades of planktonic Chlorophyceae, the Scenedesmaceae and Selenastraceae. The interpretation of the state widely depends on exemplarily treated groups. In Scenedesmaceae an extraordinary level of morphological variability must be reconciled to a scarcity of molecular peculiarities such as compensatory base changes (vanorMeLingen et al. 2007 ). On the other side, the relatively uniforme spindle-shaped phenotype of Acutodesmus represents found only in Kenya. Probably, this is the exception that proves the rule of cosmopolitan distribution. . In Selenastraceae similar phenotypes such as the needle-shaped or crescent-shaped morphology hide a multitude of phylotypes (FaWLey et al. 2007; krienitz et al. 2011 ). In the Hydrodictyaceae members of the genus Pseudopediastrum are characterized both by high morphological diversity and phylogenetic divergence resulting in four new combinations in this study. Regardless of the molecular background that has revealed overwhelming phenotypic diversity of the Hydrodictyaceae, it seems unlikely that more genuslevel diversity will be uncovered. It is suspected that the complicated Pediastrum-like phenotype of most members of this family has evolved infrequently, at best, and independently than easier constructed phenotypes such as spheres which undergo convergent evolution (Potter et al. 1997; .
Taxonomic conclusions
Sorastrum pediastriforme Jena et c. Bock sp. nov. (Figs 2a-d, 9a-h)
Our survey of Pediastrum and related genera from three continents did not provide arguments for endemism of this group, because most of the taxa were found in different geographic regions. Even species formerly known only from tropical or subtropical regions like Monactinus (Pediastrum) simplex extended their distribution area into the temperate zone (coeseL & krienitz 2008 Accession numbers in bold: sequenced in the frame of this study 
